Abstract-Two designs of high gain dielectric lens for a Vband backhaul antenna, compatible with 3D printing, are compared. The available printing materials still have significant losses, which limit the performance of traditional focusing dielectric lenses, as the dome elliptical lens. Herein, we show that an all-dielectric transmit array can present several mechanical and electrical advantages, especially when high gains are required. We demonstrate that even with a compact transmit array ( / = . it is still possible to comply with the usual bandwidth (57-66 GHz) and gain (>30 dBi) requirements for backhaul applications.
I. INTRODUCTION
3D printing is becoming an enabling technology for antenna design. In particular, this technology can be a cost-effective option for Millimeter-Wave backhaul applications [1] . Low-cost, high performance Radio Frequency Integrated Circuit (RFIC) can operate beyond 100 GHz. The burden is still on the antenna design that has to conciliate low cost with high gain, large bandwidth and terminal's compactness. For a backhaul wireless connection at 60 GHz, a minimum of 30 dBi gain between 57 GHz and 66 GHz is required. Lens-based solutions allow integrating RFIC as the feed of the antenna [2] .
In this communication, a dome elliptical lens [3] and an alldielectric transmit-array are compared as possible antenna solutions for this type of applications. The dome elliptical lens provides the best directivity and bandwidth performances. However, this lens tends to be bulky and have low radiation efficiency caused by material losses. For example, for PLA ( = 2.98, tan = 0.015), which was the printing material considered herein, we obtain more than 3 dB of losses on the lens. On the other hand, a transmit-array is more compact and can provide higher radiation efficiency using the same material. However, to achieve competitive directivity and bandwidth performances a minimum / (ratio between focal distance and the aperture diameter) is required, impacting on the terminal height. The same feed was considered in both lenses: a 13 dBi gain horn antenna that mimics the gain obtained by the RFIC 2x2 array solution presented in [3] . We show that there is a cross point in terms of antenna size at which the transmit-array offers significant mechanical and electrical advantages. We should stress that similar conclusions could be obtained if other feeds or 3D printing materials were considered. Increasing the feed directivity will result in a better performance of the transmit array as it increases the / ratio, however, it also implies increasing the antenna height. 
II. COMPARISON BETWEEN THE TWO LENS SOLUTIONS
The dome elliptical lens geometry can be defined by knowing it's radius and the material permittivity, according to the design rules presented in [4] . However, as in [3] , a spherical air dome concentric with the ellipse focal point is opened. By doing so the material losses are significantly reduced with minimal perturbations in the lens far field radiation pattern. The transmit array, on the other hand, is composed by concentric rings with different heights d. This lens can be classified as a transmit array as it follows the usual design procedure based on frequency selective surfaces (FSS) and on the assumption of local periodicity [5] . In Fig. 2 we show that a complete 360º phase shift cycle at 60 GHz, with reasonable transmission, can be obtained by varying the height d of the FSS rings between 1 mm and 7.6 mm. For a given lens radius the ring's height d is set according to the usual spherical-to-plane wave phase correction function (considering a 360º phase wrapping)
Where is the free-space wave vector at 60 GHz and is the focal distance. The chosen granularity of the lens rings radius is r=2.5 mm ( /2 at 60 GHz). The usual 10 dB edge tapering at the transmit array was considered as it provides the best aperture efficiency [6] , which for a 13 dBi feed = 40° corresponds to / = 0.67. In Fig. 3 the directivity and gain of the two solutions are represented versus the lens radius for 60 GHz. For the radius = /2 = 40 the gain of the dome elliptical lens is 30.2 dBi and the height is = 77 mm, whereas the transmit array provides 30.1 dBi of gain with = 61 mm. Moreover, the transmit array has only 32% of the total mass of the dome elliptical lens (110 g). Above this radius value (corresponding to the aforementioned cross point) the transmit array achieves higher gains than the dome elliptical lens. From Fig. 3 it is clear that the radiation efficiency is the factor that limits the performance of the dome elliptical lens. For the transmit array the radiation efficiency was always above 83 %. However, the transmit array has a more limited bandwidth response than the dome elliptical lens due to the 360 phase wrapping process. We can improve this response by increasing the focal distance, which corresponds to increase the feed directivity. For the same radius as before, i.e., = 40
, the gain at 57 GHz and 66 GHz with / = 0.67 is 28.9 dBi and 31.2 dBi, respectively, whereas for / = 1 (implying a 15 dBi horn illumination), only varies between 30.4 dBi and 31.5 dBi. However, for / = 1 the antenna height is = 88 mm. 
III. CONCLUSIONS
In this communication it is considered two possible lens designs for a backhaul connection at 60 GHz that are compatible with low cost 3D printing. We compare the more traditional dome elliptical lens with the performance of all dielectric transmit array. Taking into consideration that the current 3D printing materials have significant losses, we show that the transmit array can be a more suitable solution. We also quantify the trade-off between bandwidth and antenna height when using a transmit array. A transmit array with a 40-mm radius achieves a 30 dBi gain at 60 GHz (the same gain obtained with the dome elliptical lens) with a more compact height (61 mm versus 77 mm) and lighter (35 g versus 110 g) structure. For higher radius, the transmit array also has a better gain performance than the dome elliptical lens solution.
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